PATENT 

FOCUSED BEAM SPECTROSCOPIC ELLI PSOMETRY 
METHOD AND SYSTEM 

Field of the Invention 

The invention relates to methods and systems for 
obtaining ellipsbmetric and reflectance measurements 
of a small region of a sample over a range of UV (and 
preferably also visible) wavelengths, and optionally 
also for determining, from the measurements, the 
thickness and refractive index of a very thin film on 
the sample. The sample can be a semiconductor wafer 
having at least one thin layer over a silicon 
substrate. Preferred embodiments of the invention 
include both a spectrophotometer and an improved 
spectroscopic ellipsometer which share a common focal 
point on the sample and preferably a common radiation 
source . 

Background of the Invention 

Among the well known nondestructive testing 
techniques are the techniques of spectroref lectometry 
and spectroscopic ellipsometry , which measure 
reflectance data by reflecting electromagnetic 
radiation from a sample. In spectroscopic 
ellipsometry/ an incident radiation beam having a 
known polarization state reflects from a sample 
(generally at high incidence angle) , and the 
polarization of the reflected radiation is analyzed 
to determine properties of the sample. Since the 
incident radiation includes multiple frequency 
components, a spectrum of measured data (including 
data for incident radiation of each of at least two 
frequencies) can be measured. Typically, the 
polarization of the incident beam has a time-varying 
characteristic (produced, for example, by passing the 
incident beam through a mechanically rotating 



polarizer) , and/or the means for analyzing the 
reflected radiation has a time-varying characteristic 
(for example, it may include a mechanically rotating 
analyzer) . Examples of spectroscopic ellipsometry 
systems are described in U.S. Patent 5,329,357, 
issued July 12, 1994 to Bernoux, et al . , and U.S. 
Patent 5,166,752, issued November 24, 1992 to 
Spanier, et al. 

In the technique of spectroref lectometry an 
incident radiation beam reflects from a sample, and 
the intensity of the reflected radiation is analyzed 
to determine properties of the sample. The incident 
radiation includes multiple frequency components (or 
is monochromatic with a time -varying frequency) , so 
that a spectrum of measured data (known as a 
reflectance spectrum or relative reflectance 
spectrum) including data regarding reflected 
intensity of incident radiation having each of at 
least two frequencies is measured. Systems for 
spectroref lectometry are described in U.S. Patent 
5,241,366 issued August 31, 1993 to Bevis et al . , and 
U.S. Patent 4,645,349, issued February 24, 1987 to 
Tabata, and the following U.S. patent applications 
assigned to the assignee of the present invention: 
U.S. Serial No. 07/899,666, filed June 16, 1992 
(abstract published on April 26, 1994 as the abstract 
of U.S. Patent 5,306,916), and pending U.S. Serial 
No. 08/218,975, filed March 28, 1994. 

Reflectance data (measured by spectroscopic 
ellipsometry, spectroref lectometry, or other 
reflection techniques) are useful for a variety of 
purposes. The thickness of various coatings (either 
single layer or multiple layer) on a wafer can be 
determined from spectroscopic ellipsometry data 
(indicative of the polarization of radiation 
reflected from the sample in response to incident 



radiation having known polarization state) , or a 
reflectance spectrum or relative reflectance 
spectrum. 

The reflectance of a sample (or sample layer) at 
a single wavelength can be extracted from a 
reflectance or relative reflectance spectrum. This 
is useful where the reflectance of photoresist coated 
wafers at the wavelength of a lithographic exposure 
tool must be found to determine proper exposure 
levels for the wafers, or to optimize the thickness 
of the resist to minimize reflectance of the entire 
coating stack. 

The refractive index of a coating on a sample 
(or layer thereof) can also be determined by analysis 
of spectroscopic ellipsometry data (indicative of the 
polarization of radiation reflected from the sample, 
in response to incident radiation having known 
polarization state) or an accurately measured 
reflectance spectrum. 

It would be useful for a variety of industrial 
applications to determine the thickness of a very 
small region of a very thin film (less than 30 
angstroms in thickness) on a substrate from 
reflectance measurements (with sub-angstrom 
measurement repeatability) of the sample (e.g., where 
the sample is a semiconductor wafer and the very thin 
film is coated on a silicon substrate of the wafer) . 
It would also be useful for a variety of industrial 
applications to obtain reflectance measurements using 
a single measurement system, and then analyze the 
measured data to determine the refractive index and 
thickness of a layer of a sample, where the layer has 
unknown thickness in a broad range from more than 10 
microns to less than 10 angstroms. 

It would also be useful to obtain reflectance 
measurements using a single measurement system, and 



then analyze the measured data to determine the 
refractive index and thickness of any selected layer 
of a multiple layer stack (where each layer has 
unknown thickness in a range from more than 10 
microns to less than 10 angstroms) . Such multiple 
layer stacks are often produced during the 
manufacture of semiconductor integrated circuits, 
with the stacks including various combinations of 
material such as Si0 2/ Si 3 N 4/ TiN, Poly-Si , and a-Si. 

Because of the tight tolerance requirements 
typically required in the semiconductor arts, an 
extremely accurate method and apparatus (e.g., having 
sub-angstrom repeatability) is needed for determining 
film thickness and refractive index measurements from 
reflectance data from a very small, and preferably 
compact region (e.g., a microscopically small region 
of size less than 40 micron x 40 micron) of a wafer. 
However, it had not been known how to accomplish this 
using an ellipsometer with all-reflective optics (for 
use with broadband UV radiation) . Conventional 
ellipsometers had employed transmissive optics to 
direct a beam at a sample, either with relatively 
high incidence angles (angles substantially greater 
than the zero degree incidence angle of "normally" 
incident radiation at a sample) as in above-cited 
U.S. Patent 5,166,752, or with low incidence angle 
(normal or nearly normal incidence at the sample) . 
The inventors have recognized that such transmissive 
optics are unsuitable for use with broadband 
radiation of ultraviolet (or UV to near infrared) 
wavelengths, and have also recognized that beams of 
such radiation incident on reflective ellipsometer 
components with high incidence angles undesirably 
undergo a large change in polarization upon 
reflection from each such reflective component. The 
inventors have also recognized that the change in 
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beam polarization upon reflection from each optical 
component of an ellipsometer should be small relative 
to the polarization change (due to specific 
properties of the sample itself) occurring on 
reflection from the sample, and that such small 
polarization changes can be achieved by reflecting an 
ellipsometer beam from optical components of an 
ellipsometer only at small incidence angles (where 
the ellipsometer reflectively focuses the beam to a 
small, compact spot on the sample, with rays of the 
beam incident at the sample at a substantial range of 
high incidence angles) . 

Until the present invention, it had not been 
known how to meet the needs set forth in all three 
preceding paragraphs, and avoid the described 
limitations of the prior art set forth in these three 
preceding paragraphs . 

Summary of the Invention 

The spectroscopic ellipsometry method and 
apparatus of the invention employs reflective optics 
to measure a small (and preferably compact) region of 
a sample (e.g., a microscopically small, square- 
shaped spot on the sample) by reflecting broadband 
radiation having a range of UV (and preferably also 
visible and near infrared) wavelengths from the 
region. The method and apparatus of the invention 
optionally also determines from the measurements the 
thickness and/or complex refractive index of a thin 
film on the sample (such as a layer of a multiple 
layer stack over a silicon substrate of a 
semiconductor wafer). Preferred embodiments of the 
inventive ellipsometer employ only reflective optics 
(along the optical path between the polarizer and 
analyzer) to avoid aberration and other undesirable 
effects that would otherwise result from transmission 




of broadband ultraviolet (UV) radiation through 
transmissive optics, and direct the beam so that it 
reflects with low incidence angle from each such 
reflective optical component- Preferred embodiments 
of the inventive ellipsometer focus a beam having 
elongated cross -section from an elliptical focusing 
mirror to a small, compact spot on the sample at a 
range of high incidence angles. The elliptical shape 
of the mirror surface reduces off-axis aberrations 
such as "coma" in the focused beam. Use of a 
reflective focusing element (rather than a 
transmissive lens) eliminates chromatic aberration in 
the focused beam. 

Preferred embodiments of the invention include a 
spectrophotometer and an improved spectroscopic 
ellipsometer integrated together as a single 
instrument. In such integrated instrument, the 
spectrophotometer and ellipsometer share a broadband 
radiation source, and radiation from the source can 
be focused by either the spectrophotometer or the 
ellipsometer to the same focal point on a sample. 
Some of these embodiments include means for operating 
a selected one of the spectrophotometer and the 
ellipsometer. Others of the embodiments include means 
for supplying a portion of the radiation from the 
source to each of the spectrophotometer and 
ellipsometer subsystems, thus enabling simultaneous 
operation of both subsystems to measure the same 
small sample region. 

Preferred embodiments of the inventive 
ellipsometer reflect a beam from a focusing mirror 
(where the beam has low incidence angle at the 
mirror) to focus a beam onto a small, square -shaped 
spot on a sample with high incidence angle. 
Preferably, the beam focused onto the spot has a 
substantial range of high incidence angles (e.g., the 



beam is a converging beam whose rays are incident at 
the sample with incidence angles in the range from 
about 63.5 degrees to 80.5 degrees), and a means is 
provided for selectively measuring only a portion of 
the radiation reflected from the sample after being 
incident at a single, selected high incidence angle 
(or narrow range of high incidence angles) . In 
preferred implementations of these embodiments, a 
beam having elongated cross-section is focused from 
an elliptical focusing mirror to a compact spot on 
the sample, and the numerical aperture of the 
focusing mirror is sufficiently large to focus the 
reflected beam with a desired (sufficiently large) 
range of high incidence angles. 

Preferred embodiments of the inventive 
ellipsometer also employ a rotating, minimal -length 
Rochon prism to polarize the broadband radiation beam 
incident on the sample (and also employ a fixedly 
mounted analyzer) . The prism preferably has only the 
minimum length needed to enable the beam to pass 
through its clear aperture, because the prism's 
length is proportional to the amount of chromatic 
aberrations introduced by the prism. Alternatively, 
a phase modulator can be substituted for a rotating 
polarizer, or a fixedly mounted, minimal -length 
polarizing element can be employed with a rotating 
analyzer. 

Other preferred embodiments of the inventive 
ellipsometer include a spectrometer which employs an 
intensified photodiode array to measure reflected 
radiation from the sample. Each photodiode in the 
array measures radiation, having wavelength in a 
different range, reflected from the sample. The 
intensified photodiode array may include an 
intensifier means, which preferably includes a top 
photocathode surface which emits electrons in 
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response to incident photons, means for accelerating 
the electrons to a bottom phosphor surface, and a 
fiber optic coupler for directing photons emitted 
from the bottom phosphor to the photodiode array. 

In some embodiments, the inventive ellipsometer 
includes a reference channel (in addition to a sample 
channel which detects radiation reflected from the 
sample) . Illuminating radiation from the source is 
split into a sample beam and a reference beam, 
preferably by a bifurcated optical fiber. The sample 
beam reflects from the surface of a sample and is 
directed to the sample channel detector. The 
reference beam does not reflect from the sample, but 
is directed to the reference channel detector. By 
processing reference signals from the reference 
channel detector, as well as signals from the sample 
channel detector, the thickness of a very thin film 
on the sample (or the sample's refractive index) can 
be more accurately determined. 

The invention has many applications, such as 
measuring refractive indices, measuring film 
thicknesses, and determining lithographic exposure 
times, and (in embodiments including a 
spectrophotometer) measuring reflectance spectra. 

Brief Description of the Drawings 

Fig. 1 is a schematic diagram of a preferred 
embodiment of the spectroscopic ellipsometer of the 
invention. 

Fig. 2 is a schematic diagram of a 
spectrophotometer (different from the 

spectrophotometer shown in Fig. 14 which is preferred 
for integration with the inventive ellipsometer) 
which shares arc lamp 10, paraboloid mirror 16, 
filters 18 and 20, sample stage 63, and processor 100 
with the Fig. 1 apparatus. By controlling the 
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position of mirror 17 (shown in Fig. l) , radiation 
from lamp 10 can be directed to sample 3 by either 
elements 17, 1, 2, 5, and 4 of the ellipsometer of 
Fig. 1, or by elements 18, 32, 36, 28, 30, 45, and 40 
5 of the spectrophotometer of Fig. 2. 

Fig. 3 is a schematic diagram of a portion of an 
alternative embodiment of the invention which 
includes both a spectroscopic ellipsometer (a 
variation on the system shown in Fig. l) , and the 

10 spectrophotometer of Fig. 2, in which the 

spectroscopic ellipsometer and spectrophotometer are 
simultaneously operable. 

Fig. 4 is a simplified cross-sectional view 
(taken along line A- A of Fig. l) of a preferred 

15 embodiment of polarizer 5 of Fig. 1. 

Fig. 5 is a simplified cross-sectional view 
(taken along line B-B of Fig. 4) of the Fig. 4 
embodiment of polarizer 5 (showing, for purposes of 
comparison, a conventional polarizer 5' in phantom 

20 view) . 

Fig. 6 is a schematic diagram of a portion of 
another alternative embodiment of the inventive 
ellipsometer (a variation on the system shown in Fig 
1) . 

Fig. 7 is a schematic diagram of a portion of 
another alternative embodiment of the inventive 
ellipsometer (a variation on the system shown in Fig 
1) . 

Fig. 8 is a schematic diagram of a portion of 
another alternative embodiment of the inventive 
ellipsometer (a variation on the system shown in Fig 
l) . 

Fig. 9 is a front elevational view of detector 
94 of Fig. 8. 

Fig. io is a graph of a conventionally defined 
focus signal, f(z), which is a function of position 
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of sample 3 along the z-axis of Fig. 8, and which 
could be generated using conventional means in a 
variation on the Fig, 1 system in which both 
polarizer 5 and analyzer 8 remain fixed (and do not 
rotate) . 

Fig, 11 is a graph of a focus signal, F (z) , 
which is a function of position of sample 3 along the 
z-axis of Fig. 8. Focus signal F(z) is generated by 
processing (in processor 98) the two signals measure^ 
by detector 94 of Fig. 8. 

Fig. 12 is a schematic diagram of an alternative 
embodiment of the inventive ellipsometer (a variation 
on the system shown in Fig. 1) , which detects a 
reference beam, as well as a sample beam after the 
sample beam has reflected from a sample. The Fig. 12 
system includes a bifurcated optical fiber which 
emits both the reference beam and sample beam. 

Fig. 13 is a simplified cross-sectional view of 
a preferred embodiment of detector 173 (shown in 
Figs . 1 and 12) . 

Fig. 14 is a schematic diagram of a preferred 
embodiment of the invention which is a 
spectrophotometer integrated together with a 
spectroscopic ellipsometer. The spectrophotometer 
shares arc lamp 10, paraboloid mirror 16, filters 18 
and 20, sample stage 63, and processor 100 with the 
ellipsometer. By controlling the position of mirror 
17, radiation from lamp 10 can be directed to sample 
3 from either elements 1, 5, and 4 of the 
ellipsometer, or from elements 32, 36, 38, 28, 30, 
45, and 4 0 of the spectrophotometer. 

Fig. 15 is a simplified top view of a portion of 
the spectroscopic ellipsometer of Fig. 1. 

Description of the Preferred Embodiments 
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Throughout the specification, including in the 
claims, the phrase "incidence angle" of radiation at 
a surface denotes the angle between the normal to the 
surface and the propagation direction of the 
5 radiation. Thus, radiation with normal incidence at 

a sample surface has an incidence angle of zero 
degrees, and radiation with grazing incidence at such 
surface has an incidence angle substantially equal to 
90°. Throughout the specification, including in the 

10 claims, the phrase "high incidence angle" denotes an 

incidence angle greater than 30°. Throughout the 
specification, including in the claims, the phrase 
"broadband radiation" denotes radiation whose 
frequency-amplitude spectrum includes two or more 

15 different frequency components. For example, 

broadband radiation may comprise a plurality of 
frequency components in the range from 230 nm to 850 
nm, or a plurality of frequency components in the 
range from 4 00 nm to 700 nm. 

20 A preferred embodiment of the focused beam 

spectroscopic ellipsometer of the invention will be 
described with reference to Fig. l. The focused beam 
spectroscopic ellipsometer of Fig. 1 includes several 
subsystems: 

25 optical and signal processing components 

(components 1, 4-6, 6A, 7, 8, 10, 10A, 14, 16, 17, 
spectrometer components 69, 170, 171, 172, and 173, 
and processor 100) for measuring polarized radiation 
of beam 9 which has reflected from a small spot on 
sample 3, and for processing the measured data; 

focusing and pattern recognition components 
(including objective 4 0 and subsystem 80) for 
controlling the focusing of beam 9 onto a desired 
small spot on sample 3, and optionally also for 
imaging sample 3 (or a selected portion of sample 3) 
and recognizing a pattern in such image; and 
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sample stage 63 (for moving sample 3 relative to 
the ellipsometer' s optical components and relative to 
objective 40) . 

Beam 9 (radiation emitted from lamp 10 and then 
polarized in polarizer 5) is reflected from sample 3 
through a slit in aperture plate 6A to collection 
mirror 6, is then reflected from mirror 6 to mirror 
7, and is then directed by mirror 7 through analyzer 
8 into a spectrometer. The spectrometer (to be 
described in detail below) comprises entrance slit 
member 69, folding mirror 170, Ebert spherical mirror 
171, prism 172, and detector 173. Alternatively, an " 
Ebert-Fastie or Czerny-Turner spectrometer can be 
employed. 

Radiation (e.g., from lamp 10) is reflected from 
sample 3 back to objective 40, and is focused by 
objective 40 onto optical elements or sensors within 
subsystem 80 (for use in performing pattern 
recognition, controlling the focusing of beam 9 onto 
sample 3, and optionally displaying an image of all 
or part of the sample) . The Fig. 2 apparatus can be 
employed to implement the functions of subsystem 8 0 
and objective 40. 

Sample 3 is typically a semiconductor wafer with 
at least one thin layer 3a (shown in Fig. 2) on a 
substrate. Other samples (or sample substrates), such 
as glass plates used in flat panel displays, may also 
be used. 

The illumination subsystem of Fig. 1 includes 
lamp 10 (preferably a xenon arc lamp including 
heatsink window 10A) which emits radiation beam 12 
having a broad range of frequency components in the 
UV, visible, and near infrared wavelength bands, a 
lamp housing including lamp housing window 14, off- 
axis paraboloid mirror 16, UV cutoff filter 18 and 
color filter 20 (both discussed below with reference 
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to Fig. 2) , paraboloid mirror 17, and optical fiber 
1. Fiber 1 has an inlet end for receiving beam 12, 
after beam 12 has reflected from mirror 16, passed 
through UV cutoff filter 18 and color filter 20, and 
then reflected from mirror 17. Beam 12 propagates 
through fiber 1 to entrance slit member 2 and then 
through the entrance slit in member 2. Mirrors 16 and 
17 preferably have identical design. 

Lamp 10 emits beam 12 through heatsink window 
10A and then through lamp housing window 14, to 
mirror 16. Windows 10A and 14 are unnecessary for 
optical reasons, but function to keep lamp cooling 
air from being drawn through the optical path, 
thereby avoiding noise due to shimmering of the arc 
image. A xenon arc lamp is preferred over other 
lamps such as tungsten or deuterium lamps, because a 
xenon lamp will produce radiation having a flatter 
spectrum in the wavelength range from UV to near 
infrared. Alternatively, a tungsten lamp and a 
deuterium lamp can be used in combination to cover 
the substantially the same spectrum covered by a 
xenon lamp, but this lamp combination typically has a 
gap in brightness in the mid-UV wavelengths . 
Brightness of the spectrum is important, because with 
less intensity, reflected radiation must be collected 
for longer periods. The lower intensities slow the 
measurement process. In alternative embodiments, a 
lamp is chosen which emits broadband UV radiation 
without emitting significant visible or near infrared 
radiation. 

Preferably, optical fiber 1 is made of fused 
silica, a UV transmitting material, and has a core 
diameter of 365 microns. 

The illumination subsystem optionally includes 
actuator 17A connected to mirror 17 . Actuator 17A 
operates to move mirror 17 between a first position 
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(shown in Fig. 1) in which it reflects beam 12 from 
mirror 16 toward the inlet end of fiber 1, and a 
second position (not shown in Fig. 1) . In such 
second position, mirror 17 is outside the optical 
path of beam 12 and thus does not impede propagation 
of beam 12 from mirror 16 to a spectrophotometer 

(e.g., to lens 32 and mirror 22 of the 
spectrophotometer of Fig. 2) . Such spectrometer is 
not shown in Fig. 1, but is shown in Fig. 2, and is 
preferably integrated with the inventive ellipsometer 

(as shown in Fig. 14) . The spectrophotometer of Fig. 
2 , and the manner in which it is integrated with the 
Fig. 1 ellipsometer, will be described below in 
detail . 

Also described below (with reference to Fig. 3) 
is a variation on the Fig. 1 apparatus in which an 
apertured paraboloid mirror 17B (of Fig. 3) is 
substituted for mirror 17, to split the radiation 
from lamp 10 into two portions to enable simultaneous 
operation of both an ellipsometer and' a 
spectrophotometer . 

With reference again to Fig. 1, the sample 
illuminating radiation enters polarizer 5 after 
propagating from fiber 1 through the entrance slit in 
member 2. The portion of this radiation which 
propagates through polarizer 5 emerges from polarizer 
5 as polarized beam 9. Polarized beam 9 is a 
measurement beam having a known polarization state. 
Polarizer 5 preferably has apertured plate 5A, with a 
circular aperture therethrough, positioned at its 
input face to limit the size of the polarized beams 
so that the two polarizations do not overlap. The 
diameter of this circular aperture is about 1 mm in 
one preferred embodiment in which the distance 
between entrance slit member 2 and polarizer 5 is 
about three inches . 
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Entrance slit member 2 is a substrate 
(preferably made of stainless steel) through which an 
elongated, rectangular entrance slit (60 microns x 
500 microns) has been etched. Because of the 
elongated shape of the entrance slit, elliptical 
focusing mirror 4 images the entrance slit as a small 
(25 micron x 25 micron) , compact (square-shaped) spot 
on sample 3, by reflectively focusing the beam 9 onto 
sample 3 at high incidence angle. Polarized beam 9 
is incident at mirror 4 with a low incidence angle. 
Due to its orientation and the shape of its 
elliptical focusing surface, mirror 4 images the 
entrance slit Mirror 4 has a numerical aperture 
(0.15 or greater, in preferred implementations of 
Fig. 1) selected so that the rays of beam 9 reflected 
from mirror 4 will be incident at sample 3 with a 
desired range (preferably, a substantial range) of 
high incidence angles. In preferred implementations 
of Fig. 1 in which the numerical aperture of mirror 4 
is 0.15, the range of high incidence angles (at which 
beam 9 strikes sample 3) is the range from about 63.5 
degrees to about 8 0.5 degrees (from the normal to the 
surface of sample 3) . This range desirably includes 
incidence angles near Brewster's angle for 
crystalline silicon (about 75° at 63 0 nm wavelength) 
so that the instrument displays a high degree of 
sensitivity for film variations on silicon 
substrates . 

The preferred shape of focusing mirror 4's 
reflective surface is elliptical. As is well known, 
an elliptical mirror has two foci. In embodiments in 
which mirror 4 is an elliptical mirror, sample 3 
should be positioned at one focus of the mirror and 
the entrance slit (through member 2) should be 
positioned at the other focus of the mirror. 
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The elongated shape of the entrance slit in 
member 2, with the described design and orientation 
of mirror 4, results in focusing of beam 9 onto a 
small, compact (preferably square -shaped) spot on 
sample 3 with high incidence angle. 

In alternative embodiments of the invention, 
other combinations of an entrance slit and a focusing 
mirror are employed (in place of elements 2 and 4 of 
Fig. l) to focus a beam onto a small (but not 
compact) spot on sample 3 with a substantial range of 
high incidence angles. 

Designing the reflective surface of mirror 4 to 
have its preferred elliptical shape (rather than a 
spherical shape, for example) reduces off-axis 
15 aberrations (such as the aberration known as "coma") 

in the focused beam incident on the sample. Use of a 
reflective elements (mirrors 4, 6, and 7) between the 
polarizer and analyzer, rather than transmissive 
lenses, minimizes chromatic aberration in the 
analyzed beam which reaches spectrometer entrance 
slit member 69. 

Collection mirror 6 receives that portion of the 
diverging beam reflected from sample 3 which passes 
through an aperture in apertured plate 6A. Mirror 6 
preferably has a focal length of 70 mm and a diameter 
of 20 mm. Mirror 6, because it is spherical, 
introduces coma into the beam. However, the 
aberration spreads the beam in a direction parallel 
to the long axis of the spectrometer entrance slit so 
it does not affect the light transmission properties 
of the instrument. In addition the spectrometer 
entrance slit is preferably rotated by approximately 
5 degrees in a plane perpendicular to the surface 
normal in order to better pass the aberrated beam. 

The aperture in plate 6A is preferably 
elongated, and oriented to pass only the radiation 
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which has reflected from sample 3 after reaching the 
sample at a single incidence angle (or narrow range 
of incidence angles) . The aperture is preferably 
about 2 mm tall (in the Z-direction shown in Fig. 1) 
and 2 0 mm wide, and oriented so as to pass the 
radiation reflected from sample 3 at an angle in the 
range from 75° to 77°, while plate 6A blocks all other 
radiation reflected from sample 3. Thus, where beam 
9 strikes sample 3 with a substantial range of high 
incidence angles, apertured plate 6 A passes (for 
propagation to analyzer 8 and then measurement by 
detector 173) only the radiation reflected from 
sample 3 after striking the sample at a narrow subset 
of the substantial range of high incidence angles. 

In accordance with the invention, actuator 62 
can position plate 6A at any selected one of a range 
of positions in the optical path of reflected beam 9, 
so that the slit (aperture) through plate 6A will 
pass only those rays of the reflected beam which have 
reflected from sample 3 at incidence angles in a 
selected narrow range. For example, actuator 62 can 
be operated to move plate 6A (downward along the Z- 
axis in Figs. 1 and 8) from the position shown in 
Fig. 1 (and Fig. 8) to a position in which the slit 
through plate 6A passes radiation reflected from 
sample 3 at an angle in the range from 77° to 79° (and 
in which plate 6A blocks all other radiation 
reflected from the sample) . Plate 6A and actuator 62 
are shown in both Figs. 1 and 8, but the manner in 
which plate 6A blocks some of the radiation reflected 
from sample 3 is shown more clearly in Fig. 8. 

To measure a complicated film stack, it is 
necessary to perform multiple independent 
measurements at different settings of one or more 
measurement parameters (such as wavelength or 
incidence angle) . Spectroscopic ellipsometric 



measurement (at a fixed incidence angle) 
simultaneously provides data for multiple wavelengths 
of radiation reflected from the sample. Varying 
incidence angle in a sequence of spectroscopic 
ellipsometric measurements provides data about the 
sample which usefully supplements the data obtained 
at one fixed incidence angle. 

The width of the slit through apertured plate 6A 
determines the spreading of the incidence angles 
associated with the measured portion of the radiation 
reflected from sample 3, and the location of the 
slit's center determines the average incidence angle* 
associated with the measured portion of such 
reflected radiation. Preferably, actuator 62 includes 
means for controlling both the slit width and the 
location of the slit's center. However, in some 
embodiments of the invention, the slit width and/or 
the location of the slit center are fixed. In 
embodiments in which the location of the slit center 
can be controlled, such location will typically be 
chosen to be close to Brewster's angle for the sample 
being measured. For example, when the sample is a 
flat panel display comprising films deposited on a 
glass substrate, it is useful to locate the slit 
center so that plate 6A passes only rays reflected 
from the flat panel display after being incident at 
angles in a narrow range centered at 57° (since 
Brewster's angle for glass is about 57° at visible 
wavelengths) . The latter embodiment would require 
substitution of a differently shaped focusing mirror 
for above-described elliptical focusing mirror 4 
(since above -described mirror 4 could not focus 
radiation to sample 3 at incidence angles close to 57 
degrees) . 

Apertured plate 6A functions as an incidence 
angle selection element. An alternative position for 
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the incidence angle selection element of the 
invention is shown in Fig. 6, and another such 
alternative position is between mirror 6 and mirror 
7. In Fig. 6, the incidence angle selection element 
is movable apertured plate 6B, which is located 
between folding mirror 7 and analyzer 8 (in contrast 
with plate 6A of Fig. 1, which is located between 
sample 3 and mirror 6) . Actuator 6C of Fig. 6 
controls the location of the center of the slit 
through plate 6B, so that when radiation reflected 
from sample 3 at a substantial range of angles 
reaches plate 6B, only a portion of such radiation 
(i.e., the radiation reflected from sample 3 at a 
selected, narrow subrange of the "substantial range") 
will pass through plate 6B's slit. The dimensions of 
apertured plate 6B and the slit therethrough can (but 
need not) be identical to those of apertured plate 
6A. Actuator 6C can (but need not) be identical to 
actuator 62 of Fig. 1. 

It should be understood that in each of Figs. 6, 
7, and 8, the polarized beam emitted from polarizer 5 
propagates directly to mirror 4 without interacting 
with mirror 7. Mirror 7 is positioned so as to 
reflect (toward analyzer 8) only radiation that has 
already reflected from mirror 6 . 

With reference again to Fig. 1 (and to Fig. 15 
which is a simplified top view of a portion of the 
Fig. 1 system) , either polarizer 5 or analyzer 8 is 
rotated (about the optical axis) during measurement 
operations. In embodiments in which polarizer 5 is 
rotated and analyzer 8 remains fixed, each of 
polarizer 5 and analyzer 8 is preferably a minimal - 
length Rochon prism of the type shown in Figs . 4 and 
5. The Rochon prism consists of two pieces separated 
by interface 5C, and splits the incident beam into 
two components: an ordinary polarized through beam, 



and an extraordinary polarized beam that is deflected 
by an angle of 1.6 degrees (a deflection of at least 
1.5 degrees is preferred for implementing the 
invention) . The ordinary polarized beam is employed 
as beam 9 (which is focused by mirror 4 on the 
sample) . Since it is desired to focus beam 9 on a 
small spot on the sample (e.g., to measure film 
thickness at such spot) , no motion in the ordinary 
polarized "through" beam emitted from prism 5 can be 
tolerated. Typically, the rotation of prism 5 must 
be controlled so that the through beam deviation is 
constrained to be less than 3 0 seconds of arc, in 
order to restrict the motion of the spot on the 
sample to less than 1 micron. In some embodiments, 
through beam deviation of up to one minute of arc can 
be tolerated. 

With reference to Figs. 4 and 5, the preferred 
Rochon prism embodiment of polarizer 5 (and analyzer 
8) has only the minimum length (along the axis of 
"through beam" propagation) needed to' enable the beam 
to pass through its clear aperture, because the 
prism's length is proportional to the amount of 
chromatic aberrations introduced by the prism. 

The area within polarizer 5 bounded by 
rectangular perimeter 5D in Fig. 4 is the projection 
of interface 5C onto the plane of Fig. 4, and is what 
is referred to as the "clear aperture" of polarizer 
5. As shown in Fig. 1, plate 5A having an entrance 
aperture therethrough should be positioned along the 
optical path between entrance slit element 2 and 
polarizer 5, so that the aperture through plate 5A 
determines the diameter of the beam (which has passed 
through the entrance slit through element 2) which 
passes through polarizer 5. The length of polarizer 5 
should be the minimum length (assuming a fixed angle 
between interface 5C and the right face of polarizer 
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5 in Fig, 5) which causes the clear aperture to be as 
large as the cross -section of the beam incident on 
polarizer 5 (so that the entire beam passing through 
plate 5A to polarizer 5 can propagate through the 
clear aperture) . It will be apparent to those of 
ordinary skill that the mechanical constraints 
inherently faced in designing and mounting a 
polarizer will also affect the minimum practical 
length for polarizer 5, and that varying the position 
of prism 5 (in the Fig, 1 system) will affect the 
preferred size of the aperture through plate 5A. 

Rochon prism 5 of Fig. 5 (which is preferred for 
use as polarizer 5 and analyzer 8 in Fig. l) has a 
length (along the axis of through beam propagation) 
15 equal to 12 mm, with a tolerance of plus or minus 

0.2 5 mm. In contrast, the length of a conventional, 
commercially available Rochon prism 5' (shown in 
phantom view in Fig. 5) is approximately 25 mm. As 
shown in Fig. 4, the Rochon prism 5 preferred for use 
20 as polarizer 5 in Fig. 1, has a square cross-section 

(in a plane perpendicular to the axis of through beam 
propagation) with sides of length 8 mm, with a 
tolerance of plus or minus 0.1 mm. The preferred 
Rochon prism of Figs. 4 and 5 preferably uses UV 
25 transmitting crystalline quartz, is optically 

contacted for enhanced UV transmission, introduces 
wavefront distortion of less than one quarter of a 
wavelength (at 633 nm) , has transmittance in the UV 
of at least 40% (for two open polarizers at 230 nm) 
30 when used with an unpolarized light source, and has 

uncoated faces. 

To measure a sample, analyzer 8 typically 
remains fixed while polarizer 5 rotates about the 
optical axis. Analyzer 8 is mounted so as to be free 
35 to rotate into a different angular orientation when a 

new sample is placed in the instrument (or when a new 
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measurement is to be conducted on the same sample) . 
This technique of "analyzer tracking" is well known 
in the field of ellipsometry • 

Alternative embodiments of the invention employ 
5 an alternative type of polarizer (and analyzer) , such 

as a Glan-Taylor polarizer (which is a polarizer well 
known in the art) . Other embodiments employ a phase 
modulator (such as a photoelastic modulator) in place 
of a rotating polarizer. Other alternative 
10 embodiments employ an analyzer that rotates during 

measurement of a sample , with a fixedly mounted, 
minimal -length polarizer (or another fixedly mounted 
polarizer) . 

With reference again to Fig. 1, we next discuss 

15 the spectrometer of the inventive spectroscopic 

ellipsometer , which comprises entrance slit member 
69, folding mirror 170, Ebert spherical mirror 171, 
prism 172, and detector 173. Slit member 69 is made 
of the same material as above -described entrance slit 

2 0 member 2. The spectrometer entrance slit through 

member 69 is preferably an elongated slit of size 230 
microns by 1200 microns (the beam is focused to a 
spot on sample 3 which is smaller than this entrance 
slit, and so the beam passes through the entrance 

25 slit unobstructed) . The spectrometer is of a standard 

Ebert design, in which the broadband beam passed 
through member 6 9 (from analyzer 8) reflects from 
mirror 170 to mirror 171, and from mirror 171 to 
prism 172 . The beam components having different 

30 wavelengths are refracted in different directions 

from prism 172 to mirror 171, and from mirror 171 to 
detector 173. Mirror 171 images the entrance slit 
(through member 69) to detector 173, and mirror 171 
preferably has a focal length of 250 mm. In 

35 preferred embodiments, detector 173 is essentially a 

linear array of photodiodes, with each photodiode 
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measuring radiation in a different wavelength range. 
Preferably the radiation includes components with 
wavelength in the range from 23 0 nm to 850 nm, 
detector 173 includes 512 photodiodes, and each 
photodiode (or set of adjacent photodiodes) receives 
radiation in a different segment of the 230-850 nm 
wavelength range. For example, the resolution of the 
photodiode array may be limited to groups of three to 
five adjacent photodiodes , in the sense that each 
resolvable radiation element has a width of three to 
five photodiodes. 

Preferably, detector 173 is an intensified 
photodiode array of the type shown schematically in 
Fig. 13. Important benefits of the Fig. 13 design 
include the ability to measure low- intensity 
reflected radiation deep into the UV range, and 
improved sensitivity at all wavelengths of the 
reflected broadband radiation. The intensified 
photodiode array of Fig. 13 includes a linear 
photodiode array 13 6, and an intensifier assembly 
including top photocathode layer 13 0 which emits 
electrons in response to incident photons, bottom 
phosphor layer 132 (oriented parallel to layer 130), 
means 131 for holding layer 13 0 at fixed spacing 
relative to layer 132, voltage source 137 for 
maintaining a potential difference V between layers 
130 and 132 (such that electrons emitted from layer 
13 0 are accelerated toward layer 132 in the 
electrical field due to voltage V) , and fiber optic 
coupler plate 135 between layer 132 and photodiode 
array 136 (for directing photons, emitted from 
phosphor layer 132 in response to accelerated 
electrons from layer 13 0, to photodiode array 13 6) . 
Linear array 136 preferably includes 512 photodiodes. 
In operation, photons 140 (of a particular 
wavelength) reflected from mirror 171 are incident at 



photocathode layer 130. In response, electrons 14 1 
are ejected from layer 13 0, and these electrons are 
accelerated vertically downward (in Fig. 13) to 
phosphor layer 132. In response to these electrons, 
layer 132 emits photons 142 of a particular 
wavelength (not necessary the same as that of photons 
140) . One of the optical fibers of fiber optic 
coupler plate 135 (all fibers of which are vertically 
oriented in Fig. 13) directs photons 142 to a 
particular photodiode (photodiode 13 6N) of photodiode 
array 136. Each photodiode in array 13 6 measures 
radiation of a different wavelength (or radiation in" 
a different, and typically narrow, range of 
wavelengths) . In a preferred embodiment, a 
commercially available intensified photodiode array 
assembly is employed as the Fig. 13 detector (e.g., a 
photodiode array available from the Japanese company 
Hammamatsu, to which an intensifier, known as Part 
Number BV2532QZ-15 available from Proxitronics , is 
mated) . The photodiode array of this commercially 
available product has 512 photodiodes, which 
independently measure 512 different wavelengths. 
Alternative embodiments of the detector of the 
inventive ellipsometer detect radiation in more than 
512 or less than 512 different wavelength channels. 
Another alternative embodiment of detector 173 is a 
UV enhanced CCD array detector. 

We next describe two embodiments of an autofocus 
assembly for the inventive ellipsometer. One such 
assembly is shown in Fig. 7, and the other will be 
described with reference to Figs. 8-11. 

The autofocus assembly of Figs. 8-11 includes 
split photodiode detector 94, which receives a 
substantially focused image of the spot to which beam 
9 is focused on sample 3 . This image is provided by 
positioning beamsplitting mirror 95 along the optical 
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path between analyzer 8 and spectrometer entrance 
slit element 69 (of Fig. l) to divert a portion of 
the beam transmitted through analyzer 8 to detector 
94. Detector 94 has two photodiodes, 94A and 94B, 
which are best shown in Fig. 9. Each of photodiodes 
94A and 94B provides a measured intensity signal to 
processor 100. Processor 100 processes these signals 
in the manner described below. Detector 94 is 
positioned so that an entire substantially focused 
image (94C) of the spot can be projected onto 
photodiodes 94A and 94B, with approximately half of 
image 94C projected onto each of photodiodes 94A and 
94B as shown in Fig. 9. 

The reason for use of split photodiode detector 
94 can be appreciated by considering the following 
explanation, which contrasts a conventional autofocus 
system with the autofocus assembly of Fig. 8. 

In a conventional autofocus system, the sample 
stage scans in one direction (typically the z- 
direction as shown in Figs. 1 and 2) to find the best 
focus position, while a single detector monitors 
radiation reflected from the sample. The detector's 
output signal, f(z), is called a focus signal, and is 
a function of sample position. There are usually one 
or two extrema in the focus signal, depending on the 
optical system configuration. The best focus position 
is usually determined by the position of an extremum 
in the focus signal (as shown in Fig. 10) . 

However, this conventional autofocus technique 
is not useful with the spectroscopic ellipsometer of 
Fig. l (or the mentioned variations thereon) because 
the sample illuminating radiation from the rotating 
polarizer (or photoelastic modulator) has a 
periodically modulated intensity. Thus, the signal 
recorded by the single detector is a time-varying 
function even when the sample stage is kept 



stationary. For a rotating polarizer (with a fixed 
sample position) , the recorded signal is 

I(t) = I 0 [1 + Acos(2wt) + Bsin(2wt), 
where w is the angular frequency of the rotating 
polarizer, I Q is a constant, and A and B are sample - 
dependent constants. The resulting focus signal 
F(z,t), measured by a single detector with both 
rotation of the polarizer and variation* of sample 
position, is the product of the conventional focus 
signal f(z) and the signal I(t): 
F(z,t) = f (z)I(t) . 

To find the best focus position for the 
ellipsometer of the invention, it is thus necessary 
to separate f(z) from I(t). It is mathematically 
possible to do so, but an undesirably complicated 
algorithm must be implemented (so that focus speed 
will almost certainly be compromised) . 

However, by supplying two measured signals to 
processor 100 (one signal F A (z,t) from photodiode 94A 
and another signal F B (z,t) from and photodiode 94B) , 
processor 100 can be programmed to quickly (and 
efficiently) determine all the useful information of 
the conventional focus signal f(z). This is 
accomplished by programming processor 100 to 
determine the following new focus signal: 
F(z) = F A (z,t)/F B (z,t) = f A (z)/f B (z). 

Fig. li is a graph of a typical "new" focus 
signal F(z) determined from signals F A (z,t) and 
F B (z,t) measured while rotating polarizer 5 and 
scanning sample 3 along the z-axis. In contrast, 
Fig. 10 is a graph of a conventional focus signal, 
f(z), generated using conventional means (i.e., a 
single photodiode in the position of dual photodiode 
detector 94) while scanning sample 3 along the z-axis 
but keeping both polarizer 5 and analyzer 8 fixed. 
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The shape of F(z) in Fig. 11 can be explained as 
follows (assuming that sample 3 is scanned from a 
lowest position "a, " through positions "b" through 
"9/ " to a highest position ,f h w along the z-axis of 
Fig. 8) . When sample position z is between "a" and 
"b", spot 94C is projected onto neither diode 94A nor 
94B (so that both diodes produce only a dark current 
signal, and the ratio of such signals is 1), As the 
sample position z increases from "b" to "c", the spot 
94C sweeps across diode 94B toward 94A (but does not 
reach diode 94A) . Thus, the ratio F(z) has decreasing 
values less than 1. Then, as the sample position z 
increases from »c" to "e" , the spot 94C sweeps across 
both diodes 94B and 94A (but continues to sweep 
upward toward the top of Fig. 9) . Thus, the ratio 
F(z) increases. The ratio F(z) increases to the 
value F(z) = 1, when half of spot 94C is projected on 
diode 94B and the other half of spot 94C on diode 
94A. With the proper optical system configuration, 
this condition (with sample 3 at the position z = Zo) 
determines the best focus position. Similarly, the 
maximum of signal f (z) shown in Fig. 10 can determine 
the best focus position (but only in the special 
case, not encountered during normal ellipsometer 
operation, that both analyzer 8 and polarizer 5 are 
stationary) . 

As the sample position z increases from "e" to 
"g", spot 94C sweeps across diode 94A (but not diode 
94B) , so that the ratio F(z) remains constant or 
decreases. Finally, as the sample position z 
increases from "g" to "h", spot 94C is projected onto 
neither diode 94A nor 94B. 

The auto focus system of Figs. 8-9 (and its 
method of operation) offers several advantages, 
including that: it is fast (i.e., processor 100 
determines the necessary values very quickly) ; the 
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algorithm implemented by processor 100 is simple; and 
it gives directional information (in the following 
sense) . Based on whether F(z) is greater than or less 
than 1, the operator can tell whether the sample is 
above or below the best focus position. This is 
especially useful for whole wafer mapping . If the 
sample surface and the surface of stage 3 are 
reasonably flat, processor 100 can be programmed to 
assume that the best focus position falls along the 
increasing portion of the curve F(z) . Thus, after a 
first determination of best focus (in which the data 
needed to produce the Fig. 11 graph are measured) , it 
is no longer necessary to scan the sample position to 
determine the best focus position for subsequent 
sample measurements. Instead, processor 100 can 
determine the best focus position from the 
instantaneous value of F(z) . 

In designing the autofocus assembly of the 
invention, it is important to consider that the image 
intensity seen by the camera is time-varying, and 
that the speed at which the video image can be 
digitized and processed should be sufficiently high 
to enable autofocus, 

The alternative autofocus assembly of Fig. 7 
includes source 92 of off-axis illuminating 
radiation, apertured mirror 93, apertured mirror 90, 
and camera 91. Apertured mirror 90 has a slit 
extending through it, and functions as an incidence 
angle selection element similar to the way apertured 
plate 6B of Fig. 6 functions as an incidence angle 
selection element. Indeed mirror 90 can be of 
identical design as apertured plate 6B (but the 
planar surface of mirror 9 0 which faces away from 
mirror 7 is highly reflective, while the 
corresponding planar surface of plate 6B need not be 
highly reflective) . A first portion of the radiation 
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from collection mirror 6 passes through the slit in 
mirror 90 , and then reflects from mirror 7 toward 
analyzer 8 (just as in the Fig. l and Fig. 6 
embodiments) . However, because mirror 90 is tilted at 
a small angle with respect to folding mirror 7 (and 
is positioned along the optical path) , mirror 90 
reflects a second portion of the radiation that it 
receives from collection mirror 6 toward camera 91 
(this second portion does not pass through the slit 
in mirror 90 , and does not propagate to analyzer 8) 
The radiation reflected from mirror 90 is focused to 
camera 91, and camera 91 thus observes the position 
and size of the spot on sample 3. 

Signals indicative of the position and size of 
the spot are supplied from camera 91 to processor 
100. In response to these signals, processor 100 
generates focus control signals that are used for 
focusing the sample (e.g., the focus control signals 
are used for controlling the position of sample stage 
63) . Where camera 91 is part of focusing and pattern 
recognition subsystem 80 of Fig. l, the signals 
output from camera 91 are used for pattern 
recognition as well as for the auto focus function 
described with reference to Fig. 7. 

Apertured mirror 93 has an aperture therethrough 
which allows polarized beam 9 from polarizer 5 to 
pass unimpeded to mirror 4. Apertured mirror 93 also 
reflects off -axis illuminating radiation from source 
92 toward mirror 4. This off -axis illuminating 
radiation is reflected to camera 91, where it enables 
camera 91 to "see" the position of the spot to which 
beam 9 is focused on the sample (and to enable 
pattern recognition and auto focus operations) 

Next, with reference to Fig. 12, we describe a 
class of embodiments in which the inventive 
ellipsometer includes a reference channel (in 
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addition to a sample channel which detects radiation 
reflected from the sample) . The ellipsometer of Fig. 
12 has both a reference channel (including detector 
2 73) and a sample channel (including detector 173) . 
Illuminating radiation from lamp 10 reflects from 
mirror 16 to mirror 17, and then from mirror 17 to 
entrance end 102 of bifurcated optical fiber 101. As 
the radiation propagates within fiber 101 away from 
end 102 , it is split into two portions: a reference 
beam 109 emitted from end 104 of fiber 101; and 
sample beam 9 (identical to beam 9 of Fig. l) emitted 
from end 103 of fiber 101. Sample beam 9 is polarized 
in rotating polarizer 5, then is reflectively focused 
by mirror 4 to sample 3, then reflects from the 
sample surface to mirror 6 and then mirror 7, and 
then reflects from mirror 7 through analyzer 8 to the 
entrance slit in spectrometer entrance slit member 
69. In the spectrometer, the portion of sample beam 
9 passed through member 6 9 reflects from mirror 170 
to mirror 171, and from mirror 171 to prism 172, The 
beam components having different wavelengths are 
refracted in different directions from prism 172 to 
mirror 171, and from mirror 171 to sample channel 
detector 173. 

Reference beam 109 does not reflect from sample 
3, but is directed directly to the spectrometer. 
Specifically, beam 109 reflects from mirror 171 
(i.e., from a slightly different spot on mirror 171 
than the spot from which beam 9 reflects) to prism 
172. The components of beam 109 having different 
wavelengths are refracted in different directions 
from prism 172 to mirror 171, and from mirror 171 to 
reference channel detector 273 . Detectors 173 and 
273 are identical, but have slightly offset 
positions, so that the former receives only radiation 
of beam 9 reflected from mirror 171, and the latter 



receives only radiation of beam 109 reflected from 
mirror 171. 

Alternatively, a plate with a double entrance 
slit is substituted for plate 69 of Fig. 12. In such 
embodiments, the sample beam passes through one 
entrance slot into the spectrometer and the reference 
beam passes through the other entrance slot into the 
spectrometer. 

By processing reference signals from reference 
channel detector 273 with signals from sample channel 
detector 173 , the thickness (or refractive index) of 
a thin film on sample 3 can (under some conditions) 
be more accurately determined than with the Fig. l 
ellipsometer (which has no reference channel) . In the 
In the Fig. 12 system, processor 100 is programmed to 
normalize the reflectivity measured by sample beam 9 
using the reference beam measurements from detector 
273, to compensate for such effects as lamp intensity 
fluctuations and air currents. If such effects are 
time varying (during the time scale of a single 
sample measurement) they can affect the measurement 
unless compensated for by use of a reference channel 
(such as that of Fig. 12 in which beam 109 propagates 
to detector 2 73) . 

An alternative technique for obtaining a 
reference beam is to modify the Fig. 1 apparatus so 
that it splits beam 9 at the location of focus mirror 
4 . This can be done by designing mirror 4 to have a 
more complicated shape which focuses a portion of 
beam 9 (which functions as the sample beam) to sample 
3 and directs the remaining portion of beam 9 (the 
reference beam) directly to collection mirror 6. In 
this case, the shape of collection mirror 6 would 
also be modified to reflect the reference beam to a 
separate channel in the spectrometer, while directing 
the sample beam to mirror 7 as in Fig. 1. 



Variations on the Fig. l spectroscopic 
ellipsometer will include a second optical fiber, 
identical to fiber 1, for directing the radiation 
propagating out from analyzer 8 to the spectrometer 
entrance slit through member 69. Alternatively, the 
inventive ellipsometer can omit fiber 1, and include 
only one optical fiber which directs radiation from 
analyzer 8 to the spectrometer entrance" slit. 

We have described many embodiments of the 
inventive spectroscopic ellipsometer. In alternative 
embodiments of the inventive ellipsometer, polarized 
radiation having only one wavelength (rather than 
broadband radiation) is reflected from the sample. 
These embodiments can include a spectrometer as in 
Fig. 1, or alternatively a simple photodiode detector 
which detects the radiation output from the analyzer. 

Other embodiments of the invention are not an 
ellipsometer alone, but a spectrophotometer 
integrated together with an ellipsometer (preferably 
any of the above -described spectroscopic 
ellipsometers) as a single instrument. 

In one such preferred embodiment, the Fig. l 
ellipsometer includes above-mentioned movable mirror 
7 (and actuator 17A) , and the spectrophotometer of 
Fig. 2 is integrated with the Fig. l ellipsometer as 
a single instrument . To operate such combined 
instrument as an ellipsometer, actuator 17A moves 
mirror 17 to the position shown in Fig. 1, in which 
mirror 17 reflects beam 12 from mirror 16 to fiber 1 . 
To operate the combined instrument as a 
spectrophotometer, actuator 17A moves mirror 17 to a 
second position (not shown in Fig. 1) outside the 
optical path of beam 12 in which mirror 17 does not ' 
impede propagation of beam 12 from mirror 16 to lens 
3 2 and mirror 22 of the Fig. 2 spectrophotometer. 



In another such embodiment, the Fig. l 
ellipsometer includes above-mentioned movable mirror. 
7 (and actuator 17A) , the Fig. 2 spectrophotometer is 
integrated with the Fig. 1 ellipsometer as a single 
instrument, and both the spectrophotometer and 
ellipsometer operate simultaneously. This is 
accomplished by substituting apertured paraboloid 
mirror 17B (of Fig. 3, which has an aperture 
therethrough) for mirror 17. Mirror 17B splits the 
radiation from lamp 10 into two portions: one portion 
which reflects from mirror 16 to mirror 17B, and from 
the surface of mirror 17B (which surrounds the 
aperture) to fiber 1; and a second portion which 
propagates from mirror 16 through the aperture in 
mirror 17B to filter 18 of Fig. 2. 

Fig. 2 shows a preferred spectrophotometer 
useful with (or as a selectable alternative to) the 
inventive ellipsometer in a combined 

ellipsometer/spectrophotometer instrument. The Fig. 2 
apparatus separately detects both UV and visible 
radiation reflected from a small spot on sample 3, 
and includes processor 100 (which is also shown in 
Fig. 1, and is shared with the Fig. 1 apparatus when 
Figs. 1 and 2 are combined in one instrument) . The 
apparatus shown in Fig. 2 is described in detail in 
U.S. Serial No. 07/899,666, filed June 16, 1992 
(abstract published on April 26, 1994 as, the abstract 
of U.S. Patent 5,306,916), and such description is 
incorporated herein by reference. 

Fig. 2 includes a broadband small spot spectral 
ref lectometer , camera, and autofocus apparatus, and 
its optical system measures reflectance of sample 3. 
Sample stage 6 3 is provided for moving sample 3 with 
respect to the optical system. The optical system 
includes illumination, ref lectometer viewing, and 



autofocus subsystems, and any given optical element 
may be part of more than one of these subsystems . 

When the Fig. 2 apparatus is integrated with the 
ellipsometer of the invention, its illumination 
subsystem shares the following components with the 
ellipsometer (e.g., the Fig. 1 apparatus) : lamp 10 
which emits broadband beam comprising visible and UV 
radiation; lamp housing window 14; off -axis 
paraboloid mirror 16; UV cutoff filter 18 and color 
filter 20; and processor 100. Reflective objective 
4 0 shown in Fig. 1 (and Fig. 2) is not part of the 
ellipsometer of Fig. 1. All these elements have been 
described above with reference to Fig. 1, and 
objective 40 will be described in more detail below. 
It will be appreciated that when Fig. 2 is integrated 
with the Fig. 1 apparatus (or another ellipsometer) , 
processor 10 0 which they share is programmed to 
process signals received from each detector of the 
ellipsometer (e.g. detector 173 of Fig. 1) as well as 
signals received from elements 72, 74, and 90 of Fig. 
2 . 

The Fig. 2 apparatus also includes flip-in UV 
cutoff filter 18, color filter 20 (which is typically 
one of several filters mounted on a wheel) , flat 
mirror 22, concave mirror 24, aperture mirror 2 8 with 
flip-in forty-micron fine focus aperture 30, large 
achromat 32 # field illumination shutter 31, fold 
mirror 36, and small achromat 38. 

The illumination system provides both 
measurement beam 25 and field illumination beam 34 to 
beam divider 45. Off -axis paraboloid mirror 16 
collimates beam 12 from lamp 10, and the beam is then 
optionally filtered by flip-in UV cutoff filter 18 
and color filter wheel 20. UV cutoff filter 18 is 
used in part to limit the spectrum of beam 12 so that 
when beam 12 is dispersed by a diffraction grating, 



-34- 



the first and second order diffraction beams do not 
overlap. Part of beam 12 is reflected by flat mirror 
22 onto concave mirror 24 to form measurement beam 
25, 

Field illumination beam 34, another part of beam 
12, is focused by large achromat 32, so that fold 
mirror 36 reflects an image of lamp 10 toward small 
achromat 38. Small achromat 38 collects the 
radiation in beam 34 before it reflects from aperture 
mirror 28. Aperture mirror 2 8 is preferably a fused 
silica plate with a reflective coating on one side, 
with a 150 micron square etched from the reflective 
coating to provide an aperture for beam 25. The 
aperture is placed at one conjugate of objective 40. 
The field illumination can be turned off by placing 
field illumination shutter 31 in the optical path of 
field illumination beam 34. 

Narrow measurement beam 25 and wide field 
illumination beam 34 are rejoined at aperture mirror 
28, with field illumination beam 34 reflecting off 
the front of aperture mirror 28, and measurement beam 
25 passing through the aperture. 

The ref lectometer, viewing, and autofocus 
subsystems of Fig. 2 include objective 40, 
beamsplitter mirror 45, sample beam 46, reference 
beam 48, concave mirror 50, flat mirror 43, reference 
plate 52 with a reference spectrometer pinhole 
therethrough, sample plate 54 with a sample 
spectrometer pinhole therethrough, second fold mirror 
68, diffraction grating 70, sample linear photodiode 
array 72, reference linear photodiode array 74, 
reference photodiode 95, sample photodiode 93, an 
achromat with a short focal length and a right angle 
prism (not shown), beamsplitter cube 84, penta prism 
86, achromats 88 and 90 with long focal lengths, 
achromat 80', third fold mirror 89, focus detector 



98, neutral density filter wheel 97 , fourth fold 
mirror 91, and video camera 96. These elements are 
preferred for implementing the pattern recognition 
means of subsystem 8 0 shown in Fig, 1. 

Objective 40 is preferably a reflective 
objective (as shown in Fig. 2) , and preferably has 
several selectable magnifications. In one embodiment, 
objective 40 includes a 15X Schwarzchild design all- 
reflective objective, a 4X Nikon CFN Plan Apochromat 
(color corrected at three wavelengths) , and a IX UV 
transmissive objective, all mounted on a rotatable 
turret which allows for one of the three objectives " 
to be placed in the optical path of sample beam 46. 

The Fig. 2 system operates as follows to measure 
a relative reflectance spectrum for sample 3 (which 
is assumed to be a semiconductor wafer in the 
following description) . Shutter 31 is placed in the 
path of field illumination beam 34, so that the 
"combined" beam incident at beamsplitter mirror 45 
consists only of measurement beam 25. Beamsplitter 
mirror 45 deflects a portion of beam 25 toward 
objective 40, thus forming sample beam 46. Reference 
beam 4 8 is an undeflected portion of beam 25 which 
propagates past (not through) beamsplitting mirror 
45. Because sample beam 46 and reference beam 48 are 
derived from the same source (lamp 10) and because 
beam 25 is radially uniform, reference beam 48 and 
sample beam 46 have proportionally dependent spectral 
intensities. Also, since beamsplitter mirror 45 is a 
totally reflecting mirror in half of an optical path 
rather than a partially reflecting mirror in the 
entire optical path, a continuous broadband spectrum 
is reflected with good brightness. 

Reference beam 48 does not initially interact 
with beamsplitter mirror 45, but instead illuminates 
concave mirror 50. Concave mirror 50 is slightly 



off-axis, so reference beam 48 is reflected onto the 
reverse face of beamsplitter mirror 45, and flat 
mirror 43 re-reflects reference beam 48 into 
alignment with the reference spectrometer pinhole 
through plate 52. Flat mirror 43 realigns reference 
beam 48 with sample beam 46 so that both beams pass 
through their respective spectrometer pinholes 
substantially parallel. 

The focal length of concave mirror 50 is such 
that reference beam 48 is in focus at the reference 
spectrometer pinhole (which extends through plate 
52) . The radiation passing through the reference 
spectrometer pinhole and reflecting from fold mirror 
68 is dispersed by diffraction grating 70. The 
resulting first order diffraction beam is collected 
by reference linear photodiode array 74, thereby 
measuring a reference reflectance spectrum. 

Sample beam 46 is reflected from beamsplitter 
mirror 4 5 towards objective 40, which focuses sample 
beam 46 onto wafer 3, and the reflected sample beam 
4 6 is focused by objective 4 0 onto the sample 
spectrometer pinhole (which extends through plate 
54) . The reflected sample beam 46 does not interact 
with beamsplitter mirror 45 on the reflected path, 
because sample beam 4 6 passed through the space 
behind beamsplitter mirror 45, through which 
reference beam 48 also passes. The radiation passing 
through the sample spectrometer pinhole and 
reflecting from fold mirror 68 is dispersed by 
diffraction grating 70. As with the reference beam, 
the resulting first order diffraction beam of the 
sample beam is collected by sample linear photodiode 
array 72, thereby measuring the sample spectrum. 

The relative reflectance spectrum can be simply 
obtained by processing the outputs of arrays 72 and 
74 in processor 100, by dividing the sample light 
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intensity at each wavelength (the output of array 72) 
by the reference intensity at each wavelength (the 
output of array 74) . Typically, this involves 512 
division computations, in cases in which each of 
arrays 72 and 74 is a 512 -diode linear photodiode 
array. A typical relative reflectance spectrum will 
include components ranging from 22 0 nm to 83 0 nm. 

In some embodiments, diffraction grating 70 is a 
concave holographic grating and the spectrometer 
pinholes (through plates 52 and 54) are 15 mm apart. 
This embodiment of diffraction grating 70 is 
holographically corrected to image multiple spectra, 
since the 15 mm spacing does not allow for both beams 
to be centered on the grating. One such grating is a 
multiple spectra imaging grating supplied by 
Instruments S.A. It is also desirable that grating 
70 be designed so that the. angle of detectors 72 and 
74 causes reflections from the detectors to propagate 
away from the grating. 

The Fig. 2 system includes an autofocus 
subsystem having a coarse -focus mode to allow for 
wide range lock- in, and a fine-focus mode for use 
once a coarse focus is achieved. In the coarse- focus 
mode, flip-in fine-focus aperture 30 is flipped out 
of the optical path, and the square aperture of 
aperture mirror 28 is imaged onto detector 98. 

Detector 98 has a position output, which is 
dependent on the position of the centroid of the 
radiation falling on detector 98, and an intensity 
output, which is dependent on the incident intensity 
at detector 98. Detector 98 is positioned to avoid 
dark regions of the out -of -focus image. In the 
coarse-focus mode, the centroid of the image falling 
on detector 98 indicates not only the direction in 
which focus lies, but also how far out of focus wafer 
3 is. The Z position of wafer 3 (the separation 
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between wafer 3 and objective 40) is then adjusted 
until the centroid of the light falling on detector 
98 is centered near the center of detector 98. With 
the appropriate positioning and feedback mechanism/ 
wafer 3 can be kept in coarse focus while the wafer 
is being moved in the X and Y directions. 

For fine focus, flip- in aperture member 3 0 is 
flipped into the optical path of measurement beam 2 5 , 
resulting in a smaller square image reaching detector 
98. The smaller square image has a size of about 40 
microns with an IX objective. Since aperture member 
30 has an aperture the same size as the aperture 
through plate 54 , and since the two apertures are at 
conjugates of objective 4 0 , when wafer 3 is in focus, 
very little radiation strikes plate 54 (away from the 
aperture through plate 54) to be reflected onto 
detector 98. Thus in the fine-focus mode, the 
intensity output of detector 98 is used to bring 
wafer 3 into focus, with the Z position of wafer 3 
being adjusted until the intensity output of detector 
98 is minimized. 

There are several other hardware features 
important to a preferred implementation of the Fig. 2 
system. One important feature is that the IX and 15X 
pupil stops (of objective 40) should be oriented to 
increase the insensitivity of the Fig. 2 system to 
ripple on the surface of sample 3 (e.g., micro ripple 
in the thickness of a thin film coating on sample 3) 
system), in the manner described in U.S. Serial No. 
.07/899,666, filed June 16, 1992 (abstract published 
on April 26, 1994 as the abstract of U.S. Patent 
5, 306, 916) . 

Another feature is that lamp housing window 14 
should be very thin to reduce chromatic aberration in 
the measurement illumination path. This chromatic 
aberration causes the UV and visible images of the 
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arc of lamp 10 projected onto aperture mirror 28 to 
separate, creating problems with the 15X focus curve. 

Another feature is that means for adjusting the 
lamp housing's position along the z-axis shown in 
Fig. 2 should hold the lamp very steadily. If the 
lamp position drifts while measuring a wafer, the 
ratio of UV to visible radiation changes and the 
measurements may drift. 

The autofocus subsystem of Fig. 2 uses the image 
reflected from sample plate 54. Sample plate 54 is 
preferably a reflective fused silica plate with an 
aperture therethrough. For simplicity, an identical 
reflective fused silica plate with an aperture is 
used as reference plate 52, however reference plate 
52 need not be reflecting. 

The image reflected from sample plate 54 is also 
used for viewing wafer 3. As shown in Fig. 2, sample 
beam 46 is partially reflected off sample plate 54, 
through short focal length achromat 80', and reflects 
from mirror 89 into beamsplitter cube 84. 
Beamsplitter cube 84 splits the incoming beam into a 
camera beam 65 and a focus beam 63'. Camera beam 65 
is then reflected in penta prism 86, focused by long 
focal length achromat 90, filtered by N.D. filter 97, 
and reflected into video camera 96 by fold mirror 91. 
Penta prism 86 is used instead of a mirror, so that 
the image received by video camera 96 is a non- 
inverted image of wafer 3 . 

As shown in Fig. 2, long focal length achromat 
88 directs beam 63' onto detector 98. In an 
alternative embodiment (not shown) , where less space 
is available, long focal length achromat 88 is 
replaced by a medium focal length achromat and a 
negative lens such as a barlow lens. 

Beamsplitter cube 84 is positioned slightly off- 
axis so that unwanted reflections from the faces of 



beamsplitter cube 84 are skewed out of the optical 
path of the entering beam. This is accomplished by 
rotating the beamsplitter cube 1° to 10°, preferably 
3° to 5° , about an axis normal to the reflection 
surface within the cube. Similarly, penta prism 86 
is rotated in the plane of reflection to remove 
unwanted reflections from the field of view. 
Additionally, to capture stray radiation from 
unwanted internal reflections within beamsplitter 
cube 84, black glass is glued to the unused surfaces 
of beamsplitter cube 84. In this way, only the 
desired internal reflection of beam 65 and beam 63' 
exit beamsplitter cube 84. 

Fig. 14 is a schematic diagram of a preferred 
embodiment of the invention which is a 
spectrophotometer integrated together with a 
spectroscopic ellipsometer as a single instrument. 
All components of Fig. 14 that are identified by the 
same reference numerals as corresponding elements of 
Figs. 1 and 2 are identical to such corresponding 
elements, and the description thereof will not be 
repeated below. The elements of Fig. 14 that do not 
comprise the ellipsometer differ (i.e., the non- 
ellipsometer portion of Fig. 14 differs) from the 
Fig. 2 system in that elements 255, 257, 254, 256, 
90, 153, 252, and 158 of Fig. 2 are omitted. The 
reason these elements are omitted from the "combined" 
instrument of Fig. 14 is that the ellipsometer 
subsystem of Fig. 14 is capable of determining most 
(or all) of the sample characteristics that the 
omitted elements could have determined. The Fig. 14 
spectrophotometer shares arc lamp 10, paraboloid 
mirror 16, filters 18 and 20, sample stage 63, and 
processor 100 with the ellipsometer subsystem. By 
controlling the position of mirror 17 (e.g., using 
actuator 17A of Fig. 1), radiation from lamp 10 can 



be directed to sample 3 from either elements 1, 5, 
and 4 of the ellipsometer subsystem, or from elements 
32, 36, 38, 28, 30, 45, and 40 of the 
spectrophotometer subsystem. 

Several embodiments of optical systems according 
to the present invention have been described. The 
description is illustrative and not restrictive. 
Many other variations on the invention will become 
apparent to those of skill in the art upon review of 
this disclosure. Merely by way of example, the 
sample measured by the invention need not be a wafer, 
but can be any other reflective object; and fold 
mirrors can be removed where space allows, and 
additional fold mirrors can be provided where space 
is limited. The scope of the invention should be 
determined not merely with reference to the above 
description, but should be determined with reference 
to the appended claims along with their full scope of 
equivalents. 
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